Synaptic activity is followed within seconds by a local surge in lactate concentration, a phenomenon that underlies functional magnetic resonance imaging and whose causal mechanisms are unclear, partly because of the limited spatiotemporal resolution of standard measurement techniques. Using a novel Förster resonance energy transfer-based method that allows real-time measurement of the glycolytic rate in single cells, we have studied mouse astrocytes in search for the mechanisms responsible for the lactate surge. Consistent with previous measurements with isotopic 2-deoxyglucose, glutamate was observed to stimulate glycolysis in cultured astrocytes, but the response appeared only after a lag period of several minutes. Na ϩ overloads elicited by engagement of the Na ϩ -glutamate cotransporter with D-aspartate or application of the Na ϩ ionophore gramicidin also failed to stimulate glycolysis in the short term. In marked contrast, K ϩ stimulated astrocytic glycolysis by fourfold within seconds, an effect that was observed at low millimolar concentrations and was also present in organotypic hippocampal slices. After removal of the agonists, the stimulation by K ϩ ended immediately but the stimulation by glutamate persisted unabated for Ͼ20 min. Both stimulations required an active Na ϩ /K ϩ ATPase pump. By showing that small rises in extracellular K ϩ mediate short-term, reversible modulation of astrocytic glycolysis and that glutamate plays a long-term effect and leaves a metabolic trace, these results support the view that astrocytes contribute to the lactate surge that accompanies synaptic activity and underscore the role of these cells in neurometabolic and neurovascular coupling.
Introduction
Early during neural activation, there is an acute fall in glucose concentration and a concurrent increase in lactate concentration in brain tissue (Prichard et al., 1991; Silver and Ereciń ska, 1994; Hu and Wilson, 1997a,b; McNay et al., 2000; Mangia et al., 2003; Caesar et al., 2008) . The lactate surge is thought to play roles in neurometabolic (Pellerin and Magistretti, 1994) and neurovascular (Gordon et al., 2008) coupling, but its source has remained controversial (discussed by Barros and Deitmer, 2010) . The lactate surge develops in seconds, so it follows that if astrocytes were involved, their rate of glycolysis should also react to one or more neuronal signals within seconds, a hypothesis that has not been tested because of limited resolution of current methods based on isotopic deoxyglucose. In the present study, we have addressed this question with a Förster resonance energy transfer (FRET)-based methodology recently developed in our laboratory that allows measurement of the glycolytic rate in single cells with high temporal resolution (Bittner et al., 2010) .
Materials and Methods
Reagents. Standard chemicals and tissue culture reagents were from Sigma. Threo-␤-benzyloxyaspartate (TBOA), (S)-3,5-dihydroxyphenylglycine (DHPG), and 2-methyl-6-(phenylethynyl)-pyridine (MPEP) were from Tocris Bioscience. SBFI AM, Fura2 AM, and calcein AM were obtained from Invitrogen. Constructs coding for the sensors FLIPglu600⌬11 and FLII 12 Pglu600⌬6 have been described previously (Deuschle et al., 2005; Takanaga et al., 2008) . Plasmids are available through www.addgene.org. Adenoviral vectors were custom made by Vector Biolabs.
Cell culture, brain slices, and experimental measurements. Most measurements were performed in astrocytes in mixed neuronal glial cultures or organotypical hippocampal slices, cultured from mixed F1 male mice (C57BL/6J ϫ CBA/J), as described previously (Porras et al., 2004; Bittner et al., 2010) . All experiments were approved by the Centro de Estudios Científicos Animal Care and Use Committee. Glucose, Na ϩ , Ca 2ϩ , and volume measurements were done at room temperature (22-25°C) in a 5% CO 2 -gassed Krebs-Ringer buffer containing 24 mM bicarbonate, 1 mM lactate, and 1-2 mM glucose as detailed (Loaiza et al., 2003; Bittner et al., 2010) . For some selected experiments, cells were kept at 36°C by heating the perfusion line. Lactate release from pure astrocytic subcultures at 36°C was estimated enzymatically using 5 mM hydrazine as a pyruvate sink (Rosenberg and Rush, 1966) . Data are presented as means Ϯ SEM. Differences between experimental groups were assessed with Student's t test or ANOVA followed by Tukey-Kramer's post hoc test. p values Ͻ0.05 were considered significant and are indicated with an asterisk (*). p values Ͼ0.05 were considered nonsignificant (NS).
Results

Long-term stimulation of glycolysis by glutamate
The glycolytic rate was measured using the inhibitor transport method (ITM). Briefly, cells were exposed to cytochalasin B, a glucose transporter blocker, while glucose concentration was being measured in real time with a DNA-encoded FRET glucose nanosensor. The rate at which the concentration of glucose decreases after glucose transport inhibition is equal to the rate of hexokinase, i.e., the rate of glycolysis at its entry point (Bittner et al., 2010) . Using this technique in astrocytes in mixed cortical cultures, we first investigated possible acute effects of glutamate. Figure 1A shows that 50 M glutamate causedaslightglycolyticinhibitionof18Ϯ9% (n ϭ 20 cells in five experiments, p Ͻ 0.05). Functional Na ϩ -glutamate cotransport was confirmed by an increase in intracellular Na ϩ (Fig. 1B) . Independent engagement of the transporter with D-aspartate or of the metabotropic glutamate receptor with DHPG (Porras et al., 2008 ) also failed to affect glycolysis (supplemental Fig. S1A ,B, available at www.jneurosci.org as supplemental material). In brain tissue, glutamate transporters and metabotropic glutamate receptors may segregate in different astrocytic subtypes, but in culture they can be present in the same cell. It is therefore possible in principle that the absence of a stimulatory effect of glutamate in culture conditions had been due to an inhibitory cross talk between transporters and receptors. However, such a scenario seems unlikely, considering that glutamate did not stimulate glycolysis in the presence of TBOA, a glutamate transporter blocker, or in the presence of MPEP, a metabotropic glutamate receptor blocker (supplemental Fig. S1C ,D, available at www. jneurosci.org as supplemental material).
Next, a protocol was devised to detect longer-term effects of glutamate. Measurement of the rate of glycolysis with ITM can be done in reproducible manner several times, allowing the design of before-and-after type experiments (Bittner et al., 2010) . Using this kind of protocol, we saw that a 20 min exposure to 50 M glutamate caused strong stimulation of glycolysis (Fig.  1C) , with respective rates of 0.19 Ϯ 0.05 M/s and 0.71 Ϯ 0.15 M/s (n ϭ 26 cells in four experiments; p Ͻ 0.05), a stimulation of almost fourfold. A similar response was observed at 5 M glutamate (Fig. 1 D) . Figure 1 E summarizes the results obtained at increasing times of exposure, showing that glutamate required at least 5 min of continuous exposure to elicit sizable glycolysis stimulation. Worthy of note is the observation that the cells remained stimulated after neurotransmitter withdrawal. As reported previously (Pellerin and Magistretti, 1994) , glutamate also stimulated the release of lactate by astrocytes (Fig. 1 F) . Glutamate caused a rise in cytosolic glucose (Fig. 1C,D) , as expected from the acute stimulatory effect of the neurotransmitter on the astrocytic glucose transporter GLUT1 (Loaiza et al., 2003; Chuquet et al., 2010) . As with glutamate and D-aspartate, the Na ϩ ionophore gramicidin failed to affect the glycolytic rate in the short term, with a nonsignificant inhibition of 13% (n ϭ 11 cells in four experiments) (Fig. 1G ) despite causing a substantial increase in intracellular Na ϩ ( Fig. 1 H) . Gramicidin did affect glucose metabolism after a few minutes, with a glucose rise consistent with GLUT1 activation (Porras et al., 2008) , followed by severe glucose depletion, consistent with strong glycolytic activation ( Fig. 1 I) . Failure of gramicidin to increase the concentration of glucose during the first seconds may be due to the obligatory requirement of a coincident Ca 2ϩ increase in the stimulation of GLUT1 by intracellular Na ϩ (Porras et al., 2008 ).
Short-term stimulation of glycolysis by K ؉
Searching for a short-term neuronal signal for astrocytic glycolysis, we focused on K ϩ . The rate of glycolysis was first monitored . Bottom, AverageNa ϩ increasemeasuredafter0.5and5minofexposureto50Mglutamate(nϭ30cellsinthreeexperiments).C,Theglycolytic rateofasingleastrocytewasmeasuredusing20McytochalasinBbefore(opensymbols;0.11M/s)andafter(closedsymbols;1.45M/s) a 20 min exposure to 50 M glutamate. D, An experiment similar to that shown in C but with 5 M glutamate. Control and glutamatestimulatedrateswere0.23M/sand1.61M/s,respectively.E,Ratesweremeasuredbefore(0)andafterexposureto5Mglutamatefor either0.5,5,10or20min(graybars;nϭ15-40cellsin2-5experiments).Hatchedbarsrepresentaseparatesetofexperimentsinwhich rates were measured after 20 min exposure to 5 M glutamate and 15 min after glutamate washout. Rates are relative to a control measurement before glutamate exposure (n ϭ 16 cells in three experiments). F, Lactate release by pure astrocyte cultures was measured overaperiodof20minintheabsenceandpresenceof50Mglutamate(nϭ3experimentspairedwithFig.2G).G,Nosignificantchange was observed in the rate of glycolysis upon exposure to 20 g/ml gramicidin. H, Gramicidin caused a rapid increase in intracellular Na ϩ , representative of three separate experiments. I, Biphasic effect of gramicidin on intracellular glucose; similar data were obtained in two separate experiments. while switching from a control level (3 mM) to an elevated 15 mM K ϩ . This maneuver strongly stimulated astrocytic glycolysis by 371 Ϯ 134% (Fig. 2 A) (n ϭ 15 cells in four experiments, p Ͻ 0.05), a similar degree of stimulation to that achieved when K ϩ is applied together with glutamate (Fig. 2 B) . In the absence of a glucose transport blocker, K ϩ caused a quick drop in the steadystate concentration of glucose (Fig. 2C) , showing that the stimulation of hexokinase is not evenly matched by glucose transporter stimulation. Control experiments confirmed that K ϩ does not modulate GLUT1 in the short term (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material); thus, the rapid fall in cytosolic glucose provides a cytochalasin B-free demonstration of the stimulatory effect of K ϩ on glycolysis. After K ϩ removal, glucose concentration bounced back immediately, evidence of a fast "off" mechanism (Fig. 2C) . A modest rise in K ϩ from 3 to 6 mM was also effective, with stimulation of 200 -300% (Fig. 2 D) . Mathematical modeling that will be described elsewhere showed that in the absence of changes in glucose transport kinetics, the initial rate of glucose decrease is directly proportional to the degree of activation, allowing the consecutive testing of multiple K ϩ concentrations on the same cell. This type of experiment showed that glycolysis can be stimulated by small increases in extracellular K ϩ (Fig. 2 E) . In the presence of 4 mM, i.e., an increase of just 1 mM over basal level, the stimulation seen was 30 Ϯ 5% of the stimulation observed at 15 mM K ϩ (n ϭ 17 cells in three experiments). To pinpoint the speed of glycolytic activation, astrocytes were exposed to K ϩ together with glutamate, which triggers a Ca 2ϩ transient that marks the arrival of the agonists at the cell surface. Figure 2 F shows a cell in which the calcium transient is simultaneous with the activation of glycolysis. In all 30 cells studied in this way (from seven experiments), the activation developed within 15 s, and in 19 cells, the activation was detected within 4 s. Control confocal microscopy in calcein-loaded cells revealed K ϩ -induced cell swelling, but at a negligible rate compared to the rate of glucose decrease, ruling out glucose dilution as a significant artifact (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material). The response of glycolysis to K ϩ was robust, being detected in almost every astrocyte tested, regardless of culture conditions, from 3 to 21 d in culture; from 30% to 100% confluency and independent of the presence of neurons (data not shown). Supplemental Figure S3 (available at www.jneurosci.org as supplemental material) shows that shortterm effects of glutamate and K ϩ on glucose metabolism can also be detected at near physiological temperature. The activation of glycolysis by K ϩ was accompanied by a marked increase in lactate release (Fig. 2G) . To demonstrate the phenomenon in brain tissue, the glucose nanosensor was expressed in organotypical hippocampal slices by means of an adenoviral vector, which transduces specifically in astrocytes (Bittner et al., 2010) . In slices, K ϩ was also capable of activating glycolysis and reducing intracellular glucose (Fig. 2H,I ).
Na
؉ /K ؉ ATPase pump involvement in the stimulation of glycolysis by glutamate and K
؉
The experiment in Figure 3A shows that the long-term stimulatory effect of glutamate on astrocytic glycolysis was reversibly inhibited by the Na ϩ /K ϩ ATPase blocker ouabain, which regis- ters with previous deoxyglucose data. As reported earlier (Rose and Ransom, 1996) , exposure of astrocytes to high K ϩ led to a decrease in astrocytic Na ϩ concentration (Fig. 3B ). This decrease occurred despite a rise in Na ϩ permeability, estimated by blocking Na ϩ extrusion with ouabain, at a concentration of 1 mM to prevent competition by K ϩ (Fig. 3C) . A Na ϩ decrease together with higher Na ϩ permeability provides a demonstration of Na ϩ /K ϩ ATPase pump activation by K ϩ . Having shown that the pump is activated by K ϩ , we observed that the effect of K ϩ on glucose concentration was strongly and reversibly inhibited by ouabain (Fig. 3D) . Finally, the basal rate of glycolysis was inhibited by 85 Ϯ 4% after a 5 min preincubation with 100 M ouabain (n ϭ 47 cells in five experiments). These results show that the Na ϩ /K ϩ ATPase pump is a nodal point for basal control of glycolysis, for its long-term modulation by glutamate as well as for its short-term modulation by K ϩ .
Discussion
The main observation in this article is that K ϩ , a molecule released by postsynaptic terminals during excitatory neurotransmission, is capable of strong and reversible stimulation of astrocytic glycolysis that evolves on the order of seconds. Glutamate, a presynaptic signal, induced a delayed, long-term stimulation of astrocytic glycolysis, which persisted long after removal of the agonist. These results suggest that the lactate surge observed in brain tissue during synaptic activity originates-at least partially-in astrocytes, and therefore support a role for these cells in neurovascular coupling (Gordon et al., 2008) . Whereas the speed and strength of the glycolytic activation by K ϩ in astrocytes are compatible with the existence of a fast astrocyte-toneuron lactate shuttle (Pellerin and Magistretti, 1994) , it remains to be determined how neuronal glycolysis reacts to K ϩ (and glutamate) in the short term. Neuronal K ϩ is also released in the vicinity of glial cells at nonglutamatergic synapses, at the neuromuscular junction, and by axons during the action potential, suggesting a general mechanism of neurovascular/metabolic coupling.
Excitatory synaptic activity releases glutamate into the synaptic cleft and a few milliseconds later K ϩ leaks out of the postsynaptic terminal, mirroring the large inward Na ϩ current carried by ionotropic glutamate receptors (Attwell and Laughlin, 2001) . Microelectrodes inserted in brain tissue and peripheral nerve have shown that K ϩ concentration can reach up to 12 mM under maximum stimulation (Kofuji and Newman, 2004) , but given the discordance between the tip of the electrodes (micrometers) and the size of the extracellular space (20 nm), this figure may be an underestimate (Fröhlich et al., 2008) . Nevertheless, we observed that K ϩ -stimulated glycolysis was already detectable at 4 mM K ϩ , and reached 200 -300% at 6 mM, close to the concentrations present in brain interstitium under physiological conditions (Heinemann et al., 1990; Fröhlich et al., 2008) . On the other hand, a limitation of this study is that we used bulk changes of K ϩ , which are not necessarily equivalent to the local release of K ϩ in a spatially constrained pattern. It has already been proposed that K ϩ stimulates astrocytic glycolysis (Brookes and Yarowsky, 1985) , but several studies designed to detect changes using 2-deoxyglucose uptake over 20 or more minutes found little or no stimulation, even at 50 mM K ϩ (Peng et al., 1994; Takahashi et al., 1995; Sokoloff et al., 1996) .
The short-term insensitivity of glycolysis to glutamate was unexpected, but with the benefit of hindsight, it seems compatible with the dynamics of Na ϩ handling by these cells. Nonstimulated astrocytes maintain a high resting Na ϩ level of ϳ15-20 mM, which is above the K m of the Na ϩ /K ϩ ATPase for Na ϩ (Kimelberg et al., 1978; Rose and Ransom, 1996; Silver and Ereciń ska, 1997; Kelly et al., 2009 ). This means that under the basal conditions, the pump is already primed with Na ϩ , and that a further increase in intracellular Na ϩ will not cause much stimulation. Moreover, due to the slow turnover of the Na ϩ -glutamate transporters, the rise in intracellular Na ϩ elicited by glutamate is not instantaneous and in the first seconds amounts to only a few millimolar (Chatton et al., 2001; Chatton et al., 2003; Langer and Rose, 2009 ). For K ϩ , the scenario is more favorable. The arrival of K ϩ is virtually instant and the astrocytic Na ϩ /K ϩ ATPase has an unusually low affinity for extracellular K ϩ , with a K m of ϳ5 mM (Rose and Ransom, 1996; Silver and Ereciń ska, 1997) , which in combination with the low resting concentration in the brain interstitium (Ͻ3 mM) allows for potential stimulations of the Na ϩ /K ϩ ATPase by Ͼ100%. Over longer incubation periods, glutamate strongly stimulated glycolysis, a phenomenon dependent on an active sodium pump, confirming previous 2-deoxyglucose experiments and the purported role for glutamate in neurometabolic coupling (Pellerin and Magistretti, 1994; Takahashi et al., 1995; Pellerin et al., 2007; Magistretti, 2009 ). Remarkably, glycolysis remained stimulated long after glutamate withdrawal, a phenomenon that may A second rate measurement was performed after 20 min exposure to this medium (1.43 M/s), and a third measurement was carried 5 min after ouabain washout, in the continuous presence of glutamate (7.3 M/s). The bar graph shows normalized values for glutamate-stimulated rates in the absence and presence of ouabain (n ϭ 57 cells in six experiments). B, Effect of extracellular K ϩ on intracellular Na ϩ in a single astrocyte. The bar graph shows average values after 4 min for n ϭ 95 cells in five experiments. C, Na ϩ permeability was measured in the presence of 1 mM ouabain before and during exposure to 15 mM K ϩ . Na ϩ permeability was increased by 93 Ϯ 31% (n ϭ 60 cells in five experiments). D, Effect of 1 mM ouabain on the activation of glycolysis by 15 mM K ϩ . The graphs summarize the effects of ouabain on the initial rate of glucose decrease (n ϭ 25 cells in four experiments).
help to explain the local stimulation of glycolysis that persists in vivo up to 40 min after cessation of task performance (Madsen et al., 1995) . Whereas glutamate did not stimulate glycolysis in the short term, it did cause an acute increase in intracellular glucose, which is consistent with GLUT1 stimulation, as shown with fluorescent glucose analogs (Loaiza et al., 2003; Porras et al., 2004; Barros et al., 2007; Porras et al., 2008; Chuquet et al., 2010) . GLUT1 glucose transporters are preferentially located in astrocytic endfeet surrounding capillaries (Kacem et al., 1998) , and in view of the severe intracellular glucose depletion caused by K ϩ (e.g., Fig. 3D ), acute GLUT1 activation by glutamate may be seen as a mechanism that prevents astrocytic hexokinase desaturation in conditions of high metabolic demand and that conditions gap junction-mediated exchange of glucose between neighboring regions (Rouach et al., 2000) .
